u-To determine whether the frequency shift recorded in basal cerebral arteries corresponds to "true" flow velocities, a prospective comparative study of transcranial color duplex sonography (TCCD) and transcranial Doppler sonography (TCD) was performed. A 2.0-MHz transducer of a computerized TCCD system and a TCD device were used. The middle cerebral artery (MCA) and anterior cerebral artery (ACA) were examined by TCCD in 49 healthy volunteers (mean age 35 -+ 12 years). In 45 of the same volunteers a comparative TCD examination was possible. The studies were carried out blindly by different examiners at separate appointments. Peak systolic flow velocity, end-diastolic maximum flow velocity, time-averaged maximum flow velocity, and the pulsatility index were measured by both techniques. Additionally, for TCCD, timeaveraged flow velocity was assessed, the resistance index and a spectral broadening index were calculated, and the energy output required for reliable measurement was analyzed.
S
INCE the initial report by Aaslid, et al.,: describing transcranial Doppler sonography (TCD), the question arises whether the frequency shift recorded in basal cerebral arteries corresponds to "true" flow velocities. In the past few years, with advances in transcranial Doppler ultrasound technology, new diagnostic methods such as transcranial duplex sonography 23 and transcranial color Doppler sonography 8'12 have been described. Initial studies of color-coded duplex measurements of flow velocities in the middle , 28 30 cerebral arteries (MCA s) ' disclosed that the angle of insonation had been underestimated and flow velocities were higher than previously reported.
As various factors, such as age,7' ~0, ~4.,~.21.29 gender, 14,29 hematocrit, 9 and differences in pCO2 between individuals t9,27'29 may influence mean flow velocity values measured in different populations, a comparative study of transcranial Doppler ultrasound techniques in a single subject group was considered appropriate. Therefore, we conducted a comparative prospective study of TCD and transcranial color duplex sonography (TCCD) in an adult population.
Clinical Material and Methods

Case Material
From March, 1991, to January, 1992, 49 healthy volunteers (23 women and 26 men) with no physical signs or medical history of cerebrovascular disease were examined by TCCD. The mean age was 35 _+ 12 years (range 20 to 63 years). The presence of extracranial artery disease was excluded by color duplex sonography of the carotid and vertebral arteries. A comparative examination using TCD was performed in 45 of the same 49 volunteers. All investigations were executed in a blind manner by different examiners on separate dates days or even months apart. 
Measurement With TCCD
For TCCD, a computerized sonography system* with a 2.0-MHz transducer of 19-mm aperture size was used. The examination began after the subject had rested at least 5 minutes in the supine position. The probe was applied to the preauricular area of the temporal bone. An optimum acoustic bone window was scanned in the B-scan mode. In front of the typical butterfly-like appearance of the mesencephalon, pulsations of the vessels of the circle of Willis could be detected in real-time mode. Ultrasound morphology of the adult brain corresponded to that described in children, z4
The basal cerebral arteries could be seen directly in the color Doppler sonography mode. With this technique, a large number of pulsed Doppler ultrasound beams were distributed equally over a selected portion of the B-mode image. In all sample volumes, mean flow velocity measurements were taken of moving elements and instantaneously converted into a color code. How toward the transducer was conventionally displayed in red and flow away from the transducer in blue. Higher flow velocities were represented by greater brightness of the color signal and vice versa. The color signal was superimposed over the B-scan image. In this way, the course of the basal cerebral arteries could be depicted and simultaneous estimation of intravascular flow velocities was possible. The mean flow velocity range of the color scale could be adjusted within variable limits (from approximately 0.3 to 1.1 msec). The velocity range was set slightly above the Nyquist limit in order to avoid the aliasing effect with color wrapping. The color Doppler ultrasound gain level was set just below the level of the appearance of background noise. * Computerized sonography system, Model 128, manufactured by Acuson, Mountain View, California.
Definitions of Abbreviations
PI = pulsatility index RI = resistance index SBI = spectral broadening index SBI' = spectral broadening index, modified SPTA = spatial peak time average TAV = time-averaged flow velocity TAV~,x = time-averaged maximum flow velocity TCCD = transcranial color duplex sonography TCD = transcranial Doppler sonography V~ = end-diastolic maximum flow velocity Vs = peak systolic flow velocity
The basal cerebral arteries were studied first in the color Doppler sonography mode. In order to achieve better resolution of the vessels and the surrounding cerebral structures, the central region of the brain was enlarged. We noted whether the internal carotid artery (ICA) and the Mt and M2 segments of the MCA were demonstrable, as well as the At and A2 segments of the anterior cerebral artery (ACA) and the anterior communicating artery. Investigation of the posterior cerebral artery was included in a noncomparative color duplex study of the intracranial vertebrobasilar-posterior system. 26 The M~ and A~ segments of the MCA and ACA were examined in each case with a different color Doppler sonography energy output level. The vessels were initially scanned with 405 mW/sq cm spatial peak time average (SPTA) intensity. The acoustic energy output was then reduced to a level of 85 mW/sq cm SPTA intensity. The visibility of the arteries was assessed as good, barely visible, or not visible in both settings.
Subsequently, TCCD measurements of flow vdoci-ties were obtained of the M L and A~ segments. A pulsed sample volume size of 3 mm in the axial direction (lateral direction < 2 ram) was positioned first on the MCA at a site with a straight course of about 1 cm. We preferred to obtain the sample volume close to the ICA bifurcation because at this site the angle of insonation is less than 20 ~ in most cases. If the vessel is curved at this point, we set the sample volume at a more lateral site, where the MCA normally runs fairly straight at an angle of about 30 ~ to 45 ~ to the transducer (Fig. 1) . For the ACA, the sample volume was again selected close to the origin, since the incident angle is small at this site (Fig. 2) . At times, Doppler ultrasound recordings were better at the medial part of the Aj segment, where the vessel normally takes a semicircular course. In that instance, the angle between the tangent of the ACA and the Doppler ultrasound beam at the point of measurement was determined. Angle-corrected flow velocity measurements were taken automatically in each case.
The pulsed Doppler sonography energy output level required for reliable registration of waveforms was also investigated in the color duplex mode. We noted whether the high-energy output level of 393 mW/sq cm SPTA intensity was necessary or if the lower level of 86 mW/sq cm sufficed. The quality of the Doppler sonography spectra was evaluated in both settings as good, sufficient, or not obtainable.
The MCA and ACA of the right and left sides were always investigated from the corresponding side. Duplex measurements were obtained only if the registration was stable over a period of at least 5 seconds. Each recording was documented with a video color printer.
The following angle-corrected flow velocity measurements were taken: 1) peak systolic flow velocity (Vs); 2) end-diastolic maximum flow velocity (V~d); 3) timeaveraged maximum flow velocity (TAVm~d (the timeaveraged mean of peak flow velocities) over a complete cardiac cycle; and 4) time-averaged flow velocity (TAV) (the mean of all frequencies occurring above and below the baseline) over at least three complete pulses. We calculated the resistance index (RI) according to the method of Pourcelot 2~ as RI = (V~ -V~d)/V~, and the pulsatility index (PI) according to Gosling (SBI), which was defined by Douville, et al., z~ using mean and maximum frequencies at the systolic peak in the formula SBI = 1 -fmean/fm~, was modified using the TAV and the TAVma~ in analogy as SBI' = 1 -TAV/TAV ....
In a reproducibility study, color duplex measurements of the MCA and ACA were repeated in 27 volunteers from the original group (mean age 31 years, range 20 to 55 years). This was performed several weeks after the first investigation by one of us (J.W.), who assisted during the first examination.
Comparative TCD Stud),
The comparative TCD study was performed by a third examiner (R.B.) with a hand-held 2.0-MHz transducer of a pulsed-wave Doppler sonography instrument,t according to the method described by Aaslid. To compare the two methods, the following technical data are important: sample volume size was 8 to 10 m m in the axial and 5 mm in the lateral direction at a depth of 50 ram; the operating depth could be adjusted in 5-mm increments; and the energy output level corresponded to 100 mW/sq cm SPTA intensity.
After the subject had rested in the supine position for at least 5 minutes, the MCA and ACA of both sides were examined. The TAVmax and PI were noted as indicated by the Doppler sonography device. The V~ and V,d were measured from the recordings.
Statistical Analysis
Statistical evaluation was performed using the SAS System program.~ All parameters and differences be- 
Results
Transcranial Color Doppler Sonography Imaging
In 48 of 49 volunteers, the ICA, the Ml and M2 segments of the MCA, and the Al segment of the ACA could be depicted on both sides in the color Doppler sonography mode. Because of a poor acoustic bone window in one subject, the basal cerebral arteries could not be detected.
In one volunteer, unilateral reverse flow in a hypoplastic A~ segment was supplied by the contralateral, dominant A~ segment (Fig. 3) ; the ICA and MCA of both sides were perfused normally. In three other subjects, hypoplasia of the A~ segment of one side was found with low orthograde flow and the contralateral A~ segment supplied both A2 portions. The anterior communicating artery and the beginning of the A2 segment of the ACA could be visualized in 42 (86%) and 43 (88%) subjects, respectively.
At the color Doppler sonography high-energy output setting, 96 (98%) of 98 M~ segments of the MCA and 88 (90%) A~ segments of the ACA could be visualized fairly well, and eight (8%) A~ segments of the ACA were barely visible. Reduction in energy output, studied in 43 subjects impaired visibility of the ACA: in 71% the ACA was well demonstrated, in 13% it was barely visible, and in 16% it could not be detected. However, in 94% the MCA was depicted well and in 4% it was barely visible by this method,
Transcranial Color Duplex Sonography
Color duplex measurements were obtained in 96 (98%) of 98 M~ and A~ segments tested. The depth of the recordings, the angle of the vessels to the Doppler sonography beam, the angle-corrected flow velocities, and the waveform parameters for these TCCD studies are listed in Table 1 . .0001 * MCA = middle cerebral artery; ACA = anterior cerebral artery; TCCD = transcmnial color duplex sonography; depth = distance of the sample volume to the transducer; angle = angle of insonation; Vs = peak systolic flow velocity; V~ = end-diastolic maximum flow velocity; TAV = time-averaged flow velocity; TAVm~ = time-averaged maximum flow velocity; PI (pulsatility index) = (V, -Voa)/TAV~x. All measurements by both examiners are indicated as mean values _+ standard deviation.
When angle-corrected flow velocities were related to groups of low (< 30*) and high (_> 30 ~ angles of insonation, the mean TAVmax in the low-angle group was 65 ___ 13 cm/sec in the MCA (mean angle 13", 43 vessels) and 59 + 11 cm/sec in the ACA (mean angle 10", 81 vessels), while the mean TAVmax in the highangle group was 69 ___ 10 cm/sec in the MCA (mean angle 38", 53 vessels) and 55 + 8 cm/sec in the ACA (mean angle 36", 15 vessels).
Analysis of the pulsed Doppler sonography energy output revealed that with high-energy acoustic output all MCA recordings were good, while recordings were good in 90 (92%) of 98 ACA's and sufficient in six (6%). After reduction in energy output, 79 (92%) of 86 MCA measurements could be evaluated well and five (6%) sufficiently. Only 45 (52%) of 86 ACA recordings were good, 20 (23%) were sufficient, and 13 (15%) could not be obtained at all.
In the reproducibility study, angle-corrected flow velocities and waveform parameters obtained by both examiners revealed only small differences ( Table 2 , Fig.  4) . Accordingly, the correlation of flow velocities in both series was highly significant.
Comparative TCD and TCCD Studies
With Fig. 5 ). There were only small insignificant differences between sides in flow velocities and in the PI measured by both TCD and TCCD (Table 4 ).
An analysis of age dependency of flow velocities was performed using TCD and TCCD techniques. It revealed a decrease in peak flow velocity in the MCA and ACA with increasing age: in the MCA, the Spearman correlation coefficient (r) was -0.33 with TCD (p < 0.002) and -0.35 with TCCD (p < 0.002); in the ACA, r was -0.40 with TCD (p < 0.0005) and -0.52 with TCCD (p < 0.0005). The TAVma, showed a negative correlation with increasing age only in the ACA (r = -0.33 with TCD and -0.40 with TCCD, p < 0.005 and p < 0.0002, respectively). However, in the MCA a slight decrease in TAVm~x related to age was barely significant with the TCD study (r = -0.2 l, p < 0.05) but not with the TCCD study (r = -0.17, p = 0.1)~
Discussion
Transcranial color duplex sonography is a further development of the TCD technique; it allows registration of angle-corrected flow velocities in basal cerebral arteries. Hence, color duplex measurements are expected to be more accurate. Two previous studies of TCCD recordings in the MCA ~4"28 have demonstrated that angle-corrected flow velocities were about 30% to 40% higher than those described in other TCD reports ( Table 5) . The difference was due to the high angle of insonation, which amounted to an average of 40 ~ in one study and 36 ~ in another. In a transcranial duplex sonography study by Hashimoto and Hattrick, 17 peak flow velocities recorded in the MCA were similar to those in TCD studies, but ACA measurements were inexplicably high (Table 5) . No color duplex sonography studies have been published to date on measurements of the ACA, nor comparing TCD and TCCD investigations in a single subject group.
In our study group of healthy adults, flow velocities in the MCA and ACA recorded by TCCD are about 10% to 15% higher than the corresponding TCD values. The differences between TCD and TCCD measurements and the correlation between them are both significant. As to differences between sides and age dependency, the similarity of results obtained by both methods substantiates the consistency of measurements. Therefore, we conclude that TCCD values are shifted upward parallel to the TCD series by a factor that corresponds largely to the angle correction (Fig. 5) .
It is surprising that our TCCD data correspond to conventional TCD measurements ''3"~4A6"~8"2''27"29 rather than to those reported in previous TCCD investigations zS-s~ (Table 5) . Compared with the latter, the mean incident angle was remarkably lower in our group. In order to establish whether we had systematically underestimated flow velocities recorded at small angles of insonation, angle-corrected TAVma~ values were related to two groups of small (< 30") and large (_> 30 ~ angles. The difference between both groups was too small to explain the difference in previous reports of TCCD measurements. It is well known that large angles of insonation can be a source of error in color duplex sonography, even when angle correction is performed. Therefore, in TCCD examinations it seems advisable to maintain the incident angle as low as possible, provided that the course of the vessel is straight enough at the site of measurement. In our opinion, TCCD recordings should not be performed at angles above 50 ~ .
The reliability of measurements was confirmed in the reproducibility study. The difference between both TCCD measurements did not exceed the normal day- A comparison of TCCD with TCD should also consider the qualitative aspects of both techniques. The detection rate of the MCA was comparable with both methods but that of the ACA was higher with TCCD than with TCD. This applies to the present study as well as to most other reports of TCD values (Table 5) . Furthermore, common carotid artery compression tests for evaluation of the circle of Willis are no longer necessary with TCCD studies.
Even unilateral hypoplasia and reversal of flow in the A~ segment can now be recognized immediately. We defined unilateral hypoplasia as a clear cross-flow through the anterior communicating artery out of the dominant A~ segment supplying both A2 segments. Differences between sides in mean flow velocities exceeded the twofold standard deviation (Table 4) in these cases. These findings were not confirmed by angiography.
The high detection rate of cerebral arteries and the very detailed resolution in ACA variants were obtained only with the high energy output level (SPTA intensity approximately 400 mW/sq cm) of our color Doppler sonography device. The quality of depiction decreased and the time of examination lengthened markedly when the acoustic energy output was lowered to a level below 100 mW/sq cm. We agree with Halsey ~5 that * MCA = middle cerebral artery; ACA = anterior cerebral artery; Vs = peak systolic velocity; V~ = end-diastolic TAV~,,~ = time-averaged maximum flow velocity. Measurements are expressed as mean values _ standard deviation.
t Frequency shifts indicated in kHz were converted by the factor 39 in cm/sec in these two studies. r Mean age of subjects < 40 years. w Mean age of subjects 40 to 60 years. maximum flow velocity;
high acoustic intensities may permit TCD investigations in the difficult patient with a poor ultrasonic bone window and that the result may avoid angiography or influence important clinical decisions. With the color Doppler sonogram device used in this study, we were able to provide a complete data set of flow velocities and derived waveform parameters. The TAV and the SBI' of intracranial arteries were described for the first time in our recent report concerning the vertebrobasilar-posterior system. 26 The potential use of these parameters for estimating flow volume changes and diagnosing stenoses of intracranial vessels has been discussed.
Conclusions
We think that TCD and TCCD are both suitable methods for the evaluation of flow velocities in basal cerebral arteries. We are convinced that TCCD measurements correspond to the "true" flow velocities. However, there are no major differences from the results obtained by TCD.
The advantage of the color duplex sonography method concerns a qualitative rather than a quantitative aspect. Since we are already able to see the vessels' course, to detect flow direction, and to estimate flow velocities with real-time color Doppler sonography, we can also get a direct impression of the integrity of the basal cerebral arteries or of flow disturbances within them. Exact localization of the sample volume at a defined site of the course of the vessel is possible, even in anatomical variations and in space-occupying lesions of the brain base. s'25 Arteriovenous angioma 6 and intracranial aneurysms 4'22 may be detected noninvasively by this method. Therefore, we believe that the additional visual dimension of TCCD will open new diagnostic possibilities in cerebrovascular disorders.
